Abstract: A cell-in-droplet encapsulation using Dean flow in a spiral microfluidic device was applied to separate microalgae. In recent years, researchers have been interested in separating micro particles using microfluidic chips because of its great advantages in relation to various applications such as in biotechnology, medical examination, and cell studies. The main disadvantage of these microfluidic chips is particle clogging that decreases the separation yield, which then creates difficulties during the investigation of the particles. The microfluidic chip that is introduced in this work is a combination of two distinct designs-a spiral microchannel design to separate microalgae of various sizes, and a microdroplet generation design for cell encapsulation. The yield of the separation is enhanced through the concept of dominant forces (Dean drag force and lift force) in a spiral microchannel design, together with a design of the microdroplet generation that narrows the volume to facilitate cell observation. We report the development of cells, particle separation, and microdroplet generation. Using the spiral microchannel design can solve the clogging problem by distributing the microalgae evenly for the microdroplet generation section. A spiral microfluidics design was used as a separator for the different sized particles and a microdroplets generation design was used to encapsulate the separated particles. As for the design for the microdroplets generation section, a 3-way microchannel was designed. In this research, two kinds of microalgae have been used: the smaller one is chlorella vulgaris and the bigger one is cosmarium. Because of all of these benefits, this device might be an alternative for cell applications using droplet-based platforms. With a different channel height design, the separation efficiency for Chlorella vulgaris is about 75-80% and for Cosmarium is about 60-72%.
Introduction
The separation of microparticles and filtration based on size are essential for many applications in diverse fields, including medical examinations, environmental or biochemical applications, or even cell studies [1] . Consequently, the advantages of using microspheres in applications such as drug delivery, bone tissue engineering and regeneration, absorption and desorption of substances, and likes kinetic release of the loaded drug components are also presented [2] . Moreover, different methods for the separation of cells or particles have been developed, removing the microparticles from solutions such as membrane filter [3] . However, micropillars or pore filtrations have a high probability of particle clogging because of the exact pore size of the filter [4] . As cells become lodged in the microscale constrictions during the separating process, the overall hydrodynamic resistance of the filter changes and diminishes the effect of the applied pressure gradient [4] . Because of this clogging problem, several membrane-less separation techniques have been introduced, for example sedimentation [5] , field-flow fractionation [6] , hydrodynamic chromatography [7] , pinched-flow fractionation [8] , electrophoresis [9, Inventions 2018, 3, 40 2 of 14 10], dielectrophoresis [11] , acoustic separation [12] , diffusion-based extraction [13, 14] , deterministic lateral displacement [15] [16] [17] , centrifugation [18] [19] [20] , and inertial focusing [21, 22] . Even though these membrane-less techniques make clogging less likely to occur, some disadvantages remain. For example, electrophoresis and dielectrophoresis provide a high resolution of particle separation, however they both require an external power source and generate heat that might harm the cells over a long operating period [23, 24] . The use of curved microchannels can avoid the disadvantages of previous microfluidic chip designs that might require external applied forces or complicated system integration.
In this work, we introduce a simple approach for the continuous passive separation of microparticles in microchannels using size-dependent inertial migration, i.e., centrifugally based. In 1961, Segre and Silberberg first demonstrated the principle of inertial migration in a circular tube on a macroscale. The experiment was conducted to make particles migrate and form a narrow band near the channel walls [25] . For the inertial migration of particles in microchannels, a circular tube was subsequently altered to have a square or rectangular cross section to obtain a maximum separation [1, 23, [26] [27] [28] [29] .
In recent years, researchers have become interested in micro particles because of their promising applications in various related fields [1] . The study of microparticles is essential for many applications in diverse biological fields. Many traditional methods for the separation of cells or particles, and also for the removal of microparticles from solutions, involve the use of a membrane filter such as micropillars or pore filtrations of other types which have a high probability of particle clogging because of the exact pore size of the filter. Because of this clogging problem, several membrane-less separation techniques have subsequently been introduced-for example, sedimentation and dielectrophoresis [11] .
Method

Theory
Fluid flow through a curvilinear channel is subject to various parameters, such as centrifugal acceleration that is directed radially outward, leading to the formation of two counter-rotating vortices, known as Dean vortices, in the top and bottom halves of the channel [1] . The magnitude of these secondary flows is quantified with a dimensionless Dean number (D e ) given by:
In which ρ denotes the density of the fluid medium (kg/m 3 ), U f is the average fluid velocity (m/s), µ is the fluid viscosity (kg m −1 s −1 ), R is the radius of the curvature (m) of the path of the microchannel, and Re is the flow Reynolds number. For a straight microchannel, D e = 0, indicating the absence of Dean flows. In a curved channel, D e increases with increasing curvature (smaller R), increasing channel size (larger D h ), and more rapid flow (larger Re). Dean flows increase in magnitude with increasing D e and have been used to demonstrate efficient fluid mixing in microchannels [26, 29] . D h stands for the hydraulic diameter of which the formula is:
In this equation, a denotes the width and b denotes the height of the microchannel. Depending on the particle size, a drag force (F D ) causes particles to move with the Dean vortices, and thus move towards either the inner or the outer microchannel wall. In addition to this drag force, particles in a curvilinear channel experience forces from pressure and inertial lift [28] . The net lift force (F L ) acts on the particles that tend to occupy equilibrium positions for which the oppositely directed lift forces are equal, and also forms narrow bands. Particles experience both forces near the outer microchannel wall, where net lift force F L acts along the direction of F D and the particles continue to follow the Dean vortices, independent of their size. However, near the inner microchannel wall, F L and F D act in opposite directions and depending on the magnitude of these forces, the particles will balance and form a focused stream or continue to re-circulate the Dean vortex [1, 27] . Illustrations of this phenomenon is demonstrated in Figure 1 .
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Density
Dynamic Viscosity Lift Coefficient (CL) 1000 kg/m 3 10 −3 kg m −1 s −1 0.5 
Another parameter that must be considered is ratio a p ν of the particle confinement, where a p denotes the particle diameter and ν is the smallest channel dimension. This ratio a p ν must be ≥ 0.07 for particles to be focused [1, 21, 28] .
Design of the Microfluidic Device
Other than those fixed parameters, there are some numbers that are invariant throughout the calculation. These are mostly physical properties of water as water serves as the medium and those that are applied to the fluids participating in the microchannel shown in Table 2 . Lift coefficient C L is a function of the particle position across the channel cross section, for which we assume an average value of 0.5 [1, 21] . After the fixed parameters and constants are defined, the objective is to vary the dimensions of the spiral microchannel to observe the most suitable Dean numbers (D e ), Dean drag force (F D ), lift force (F L ), and the length required for the Dean migration (L D ). The widths of the channels are 100 µm and 200 µm, with heights ranging from 70 µm through to 130 µm and 180 µm. Table 3 lists the calculated Dean numbers for the varied dimension of the microchannel, 70 µm through to 130 µm and 180 µm. The larger the Dean number, the greater the Dean drag force, which hence makes the particles equilibrate more rapidly [29] . The next step is to take the Dean number to calculate the Dean drag and lift forces for particles of size 5 µm and 50 µm. Table 4 lists the results; orange columns are the outcomes for 5 µm particles and the green columns are for the 50 µm particles. Two results of the calculations are that the values are small and that some numbers are close together, even though the dimensions of the microchannels differ. The reason for this is that the flow rate is set as 10 µL h −1 for each channel size. Another aspect that can explain why the lift force tends to have a larger value for a smaller cross-sectional area in the expression for the lift force is that there is a factor called shear rate of the fluid (G) [29] , which is
where U max is the maximum flow velocity and D h is the dean number of particles. In Equation (2), the hydraulic diameter is determined directly from the size of the microchannel, which explains why the lift force decreases as the cross-sectional area of the microchannel increases. According to research on particle or cell separation which used methods including designs of spiral microfluidics and microdroplet generation, each design has its own advantages and disadvantages. For this new microfluidic chip design, we optimized the device by combining two designs into one and having a spiral microfluidic design to separate particles of varied size and using the microdroplet generation design to encapsulate the separated particles. The hope is that this design enhances the separation efficiency together with possible further applications after the particle encapsulation. The original idea was inspired by a review of the literature of work from Kemna's group [29] , where they also used droplet-based microfluidic systems to create cell droplet encapsulations using a curved continuous microchannel. The underlying concept is the use of the Dean-couple inertial in the microchannel, so that particles pass through the microdroplet generation junction to make particle encapsulation. The design concept is shown in Figure 2 . The sorting microalgae will be encapsulated by the oil inlet and the medium inlet, using Y-shaped structures. To combine a spiral sorting design and a droplet generation formation, the whole system will be shown in Figure 3 . Once the microalgae were separated by the spiral structure, the microalgae would be encapsulated in the microdroplets with microdroplet generation.
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This microfluidic device was fabricated using soft lithography to create a microchannel according to the designs. In the field of micro design, soft lithography has been widely used to produce structural patterned surfaces and coatings with specific biomolecules. The process can be divided into two main parts-making the microfluidic mold and making the microchannel from polydimethylsiloxane (PDMS), before finally bonding the polymer to a glass slide. Figure 4 shows the complete process of making a microfluidic device using soft lithography, from creating a mold from a blank to bonding the PDMS to a glass slide, according to the mold fabrication steps. The detailed process has the following steps: The cleaning can be done with acetone, isopropanol (IPA), and deionized water to rinse the surface of the wafer accordingly. Having a clean standard eliminates possible particles that might affect the quality of the mold. Nitrogen is used to blow away the liquid on the wafer surface, and then the wafer is baked on a hotplate at 120 °C until it is completely dry. After the standard cleaning, the next step involves piranha cleaning (a solution of sulfuric acid and hydrogen peroxide in ratio 7:1). The use of this solution requires its heating to 90 °C. After this temperature is reached, the wafer is immersed in the piranha solution for 10 min, before rinsing again with deionized water. The main purpose of piranha cleaning is to ensure that organic residues and particles are also very effectively removed, which the standard cleaning cannot do. The wafer is baked again on a hot plate until it is completely dry. The photoresist (PR) in this experiment is SU-8 3050. This type of PR coating is a negative photoresist process such that any area exposed to ultraviolet light (UV) becomes hard, whereas the blocked area would all disappear during the development. When the coating of the wafer with PR is complete, the wafer is baked on a hot plate at 65 °C, and the temperature is increased by 5 °C every 3 min until 95 °C is reached, at which baking is continued for another 15 min. After the wafer cools to 23 °C, it is ready for the UV exposure which is intended to create a pattern on the wafer. The wafer is taken to the UV exposure machine stage and is aligned along three axes (X, Y, Z). The alignment of every wafer is important because it might affect the UV light distribution and patterning. The UV intensity must be measured every time before an exposure because the number indicates the duration of the exposure. A single-sided UV exposure machine is used to undertake the photolithography according to a calculated duration. Baking is required after the UV exposure to ensure that the PR coating will remain in place, and to harden the PR coating. The procedure is similar to the soft baking. The last step in the fabrication of the mold is the development of the pattern on the wafer. The wafer is soaked in SU-8 developer solution. The PR coat that is not exposed to ultraviolet light dissolves in the solution. This step must be carefully implemented, and the pattern must be closely examined. If the PR coat is over-developed, the pattern turns out poorly. After the development, the wafer is rinsed with deionized water and baked until it is dry. After all of the device fabrication steps, the final mold can be achieved as in Figure 5 . The design includes varied sizes of The cleaning can be done with acetone, isopropanol (IPA), and deionized water to rinse the surface of the wafer accordingly. Having a clean standard eliminates possible particles that might affect the quality of the mold. Nitrogen is used to blow away the liquid on the wafer surface, and then the wafer is baked on a hotplate at 120 • C until it is completely dry. After the standard cleaning, the next step involves piranha cleaning (a solution of sulfuric acid and hydrogen peroxide in ratio 7:1). The use of this solution requires its heating to 90 • C. After this temperature is reached, the wafer is immersed in the piranha solution for 10 min, before rinsing again with deionized water. The main purpose of piranha cleaning is to ensure that organic residues and particles are also very effectively removed, which the standard cleaning cannot do. The wafer is baked again on a hot plate until it is completely dry. The photoresist (PR) in this experiment is SU-8 3050. This type of PR coating is a negative photoresist process such that any area exposed to ultraviolet light (UV) becomes hard, whereas the blocked area would all disappear during the development. When the coating of the wafer with PR is complete, the wafer is baked on a hot plate at 65 • C, and the temperature is increased by 5 • C every 3 min until 95 • C is reached, at which baking is continued for another 15 min. After the wafer cools to 23 • C, it is ready for the UV exposure which is intended to create a pattern on the wafer. The wafer is taken to the UV exposure machine stage and is aligned along three axes (X, Y, Z). The alignment of every wafer is important because it might affect the UV light distribution and patterning. The UV intensity must be measured every time before an exposure because the number indicates the duration of the exposure. A single-sided UV exposure machine is used to undertake the photolithography according to a calculated duration. Baking is required after the UV exposure to ensure that the PR coating will remain in place, and to harden the PR coating. The procedure is similar to the soft baking. The last step in the fabrication of the mold is the development of the pattern on the wafer. The wafer is soaked in SU-8 developer solution. The PR coat that is not exposed to ultraviolet light dissolves in the solution. This step must be carefully implemented, and the pattern must be closely examined. If the PR coat is over-developed, the pattern turns out poorly. After the development, the wafer is rinsed with deionized water and baked until it is dry. After all of the device
fabrication steps, the final mold can be achieved as in Figure 5 . The design includes varied sizes of the medium microchannel, and the numbers inside the design indicate the size for the medium channel. Otherwise, they all have the same dimension. Microchannels are generally fabricated through the direct micro-machining of silicon or glass. Microfabrication over glass or silicon is typically expensive, tedious, and labor-intensive. For microfabricated devices to ease their way into the scientific community, the cost, ease of fabrication, and functionality must be addressed. A transparent, viscoelastic organic polymer (polydimethyl siloxane) can serve as an alternative for micro-fabrication to the costlier and time-consuming methods for glass and silicon. PDMS is considered as a widely used polymer in the fabrication of microfluidic chips because of its unique properties, such as transparency, biocompatibility, and its low cost of fabrication, relative to other methods. The PDMS used in this research (Dow Corning ® SYLGARD 184 silicone elastomer) arrives as solutions A and B, where solution A is the silicone base, and solution B is the curing agent. The mixture ratio for PDMS (A:B) is 10:1. The detailed steps of the PDMS fabrication follow.
The PDMS solutions, both A and B, are weighed. The ratio for solution A to solution B is 10:1: solution A (20 g) and solution B (2 g). After thorough mixing, the mixed PDMS is poured on the pattern mold, as shown in Figure 4c , before being baked at 85 °C for 20 min. This baking hardens the fluid PDMS. The inlet and outlet of the microfluidic channel will be drilled first. After that, the PDMS bonds on the glass slide, using oxygen plasma. In order to avoid PDMS completely, bonds to the glass slide causes the inlet and outlet to block. After that, the microfluidic chip bonding is followed by oxygen plasma.
Our technique for microfluidic chip bonding is the use of an oxygen plasma. Such a surface treatment is a popular technique for bonding two materials together, which in this case is PDMS and a glass slide. The oxygen plasma imposes a modification of the surface in order to enhance its bonding strength. O2 plasma has been used to clean and modify the surface of PDMS and the glass to become clean and hydrophilic to improve its bonding strength. Once the surfaces of the two materials are in contact, they react by bonding, where the PDMS bonds to the glass slide to create tight microchannels. The PDMS with its pattern is placed upwards, together with a glass slide and is rinsed with IPA to clean the surfaces. After the surfaces are clean, the oxygen-plasma generator is used to scan through the surfaces of both materials (PDMS and the glass slide), and they then bond together, as in Figure  4d . The final chip is baked on a hot plate at 65 °C for roughly 15 min to ensure that the PMDS is bonded tightly with the glass slide. Subsequently, small tubes are fixed with both inlets and outlets (with AB adhesive glue) to act as connectors from the tube to the chip in the experiment. After this process is completed, the microfluidic chip is ready for operation. Microchannels are generally fabricated through the direct micro-machining of silicon or glass. Microfabrication over glass or silicon is typically expensive, tedious, and labor-intensive. For microfabricated devices to ease their way into the scientific community, the cost, ease of fabrication, and functionality must be addressed. A transparent, viscoelastic organic polymer (polydimethyl siloxane) can serve as an alternative for micro-fabrication to the costlier and time-consuming methods for glass and silicon. PDMS is considered as a widely used polymer in the fabrication of microfluidic chips because of its unique properties, such as transparency, biocompatibility, and its low cost of fabrication, relative to other methods. The PDMS used in this research (Dow Corning ® SYLGARD 184 silicone elastomer) arrives as solutions A and B, where solution A is the silicone base, and solution B is the curing agent. The mixture ratio for PDMS (A:B) is 10:1. The detailed steps of the PDMS fabrication follow.
The PDMS solutions, both A and B, are weighed. The ratio for solution A to solution B is 10:1: solution A (20 g) and solution B (2 g). After thorough mixing, the mixed PDMS is poured on the pattern mold, as shown in Figure 4c , before being baked at 85 • C for 20 min. This baking hardens the fluid PDMS. The inlet and outlet of the microfluidic channel will be drilled first. After that, the PDMS bonds on the glass slide, using oxygen plasma. In order to avoid PDMS completely, bonds to the glass slide causes the inlet and outlet to block. After that, the microfluidic chip bonding is followed by oxygen plasma.
Our technique for microfluidic chip bonding is the use of an oxygen plasma. Such a surface treatment is a popular technique for bonding two materials together, which in this case is PDMS and a glass slide. The oxygen plasma imposes a modification of the surface in order to enhance its bonding strength. O 2 plasma has been used to clean and modify the surface of PDMS and the glass to become clean and hydrophilic to improve its bonding strength. Once the surfaces of the two materials are in contact, they react by bonding, where the PDMS bonds to the glass slide to create tight microchannels. The PDMS with its pattern is placed upwards, together with a glass slide and is rinsed with IPA to clean the surfaces. After the surfaces are clean, the oxygen-plasma generator is used to scan through the surfaces of both materials (PDMS and the glass slide), and they then bond together, as in Figure 4d . The final chip is baked on a hot plate at 65 • C for roughly 15 min to ensure that the PMDS is bonded tightly with the glass slide. Subsequently, small tubes are fixed with both inlets and outlets (with AB adhesive glue) to act as connectors from the tube to the chip in the experiment. After this process is completed, the microfluidic chip is ready for operation.
Cosmarium and Chlorella Vulgaris Are Used in the Experiments
Cosmarium, a genus of algae belonging to the Desmidiaceae family, is used in many and diverse applications, for example, as an indicator of the sensitivity of photosynthesis to UV radiation [30] , and to observe species-specific differences both at optimal and stress temperatures [31, 32] . The size of microalgae of this kind ranges from 20 µm to 80 µm. Cosmarium has a unique structure that can be directly identified as it has a circular shape with a ring right in the middle; Figure 6b shows an image of Cosmarium. Chlorella vulgaris is a genus of single-cell green algae belonging to phylum Chlorophyta. Its shape is spherical, its diameter varies from 2 µm to 10 µm, and it lacks flagella, as in Figure 6a . Chlorella vulgaris contains the green photosynthetic pigments. Through photosynthesis, it multiplies rapidly, requiring only carbon dioxide, water, sunlight, and minerals in small amounts to reproduce. Chlorella vulgaris is commonly believed to serve as a potential source of food and energy because its photosynthetic efficiency can theoretically attain 8% [33] . Not only might Chlorella vulgaris be a great food source because it contains 45% protein, 20% fat, 20% carbohydrate, 5% fiber, and ten minerals and vitamins, algae of this type are also predicted to be an alternative medicine to treat cancer [34] . Methods of mass production are currently being applied to cultivate it in large artificial circular ponds. In the 1960s, scientists mentioned that it is impossible for human beings and other animals to digest Chlorella vulgaris in its natural state because of the tough cell walls encapsulating the nutrients [34] . Research on Chlorella vulgaris has continued, and its possibility as a new food source has been debated. 
Experiments
After several designs, both for the microdroplet generation and various microchannel widths and heights, together with spiral designs also with varied widths and heights of the microchannels, the final dimensions for the combined designs were separated into two main groups according to channel widths. The first group had widths of 100 µm, and the second group had widths of 200 µm for a spiral channel of heights 70, 130, and 180 µm. Also, for the setup of the experiment, the fixed parameters included flow rate 10 µL h −1 of the medium, flow rate 80 µL h −1 of the oil phase using a syringe pump (KDS210), and the duration of the experiment was about 1 h. Table 5 is a summary of the fixed parameters of every experiment made for the microfluidic chips of the combined design. 
Results and Discussion
ANSYS Simulations
For the new design of the microfluidic channels, ANSYS simulations were undertaken to ensure that the pairs of flow rates from oil and the medium are suitable for microdroplet generation. Such a simulation can provide a prediction of the microdroplet generation according to the change of color of the fluids inside the channels. Our laboratory has ANSYS simulation software (ANSYS 15.0, ANSYS, Inc., Pittsburgh, PA, U.S.A.). To run the simulations, the models must first be created in a three-dimensional structure using an existing design and turned into a three-dimensional mode with AutoCAD software (AutoCAD 2015, Autodesk Inc., San Rafael, CA, USA). From that source, the AutoCAD file is imported to the ANSYS software simulation for the meshing (point calculations on the model's surface), and the file is again imported into Fluent to run the fluid simulations. Fluent simulation is sub-software running for ANSYS 15.0, showing the simulation in an animated film. Several settings must be inputted into the software to obtain the most precise result in the Fluent simulation. For the setup, the properties of the solutions and the microfluidic chip were required.
For the spiral channel for the particle separation, the simulation software was used with the addition of particles inside the fluid. To simulate the particle separation, particles of two sizes must be input. Because of the wide range of the size of Chlorella vulgaris and Cosmarium, an average size of each for the simulation was selected to be 5 µm and 50 µm. To add the particles to flow in the same channel in the same Fluent interphase in the model's tab, the discrete phase should be on. From that, the particle sizes are set up. For the first spiral design, the width of the channel was set to 100 µm and 200 µm (100 µm in Figure 7 ). The flow rate for the medium was 10 µL h −1 , and the sizes of the particles were 5 µm and 50 µm. In Figure 7 , the red dots represent 50 µm particles of Cosmarium, and blue dots represent 5 µm particles of Chlorella vulgaris. According to the Equations (3) and (4), the smaller particles would remain at the outer wall of the microchannel and the larger particles would stick at the inner wall. This concept is visible in this simulation for the blue dots, however the red dots were all stuck inside the inner spiral loops.
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The Combination Microfluidic Chip Design
Design with a Spiral Channel Width of 100 µm
The data were generated by counting the number of microalgae of each type at the separation junction. The upper separation junction led to the first section for microdroplet generation, whereas the lower separation junction channel led to the second section for microdroplet generation. According to the equations and calculations, the smaller particles should be favored toward the outer microchannel wall, while the larger particles tend to stick to the inner microchannel wall. From the graph, the fraction was calculated at the separation junction and was converted into a percentage, which represents the wanted particles flowing into that particular microchannel. In this research, microalgae of two kinds were used: the smaller was Chlorella vulgaris and the larger was Cosmarium. The color represented in the graph is yellow for Chlorella vulgaris and purple for Cosmarium. According to the theory, Chlorella vulgaris would prefer to flow into the upper channel that is connected from the outer spiral channel, and Cosmarium would move into the lower channel that is connected from the inner spiral channel. The separation efficiency was calculated according to the number of wanted microalgae divided by the total number of microalgae from the two channels; the simple equation is [29] = × 100% (6) 
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The data were generated by counting the number of microalgae of each type at the separation junction. The upper separation junction led to the first section for microdroplet generation, whereas the lower separation junction channel led to the second section for microdroplet generation. According to the equations and calculations, the smaller particles should be favored toward the outer microchannel wall, while the larger particles tend to stick to the inner microchannel wall. From the graph, the fraction was calculated at the separation junction and was converted into a percentage, which represents the wanted particles flowing into that particular microchannel. In this research, microalgae of two kinds were used: the smaller was Chlorella vulgaris and the larger was Cosmarium. The color represented in the graph is yellow for Chlorella vulgaris and purple for Cosmarium. According to the theory, Chlorella vulgaris would prefer to flow into the upper channel that is connected from the outer spiral channel, and Cosmarium would move into the lower channel that is connected from the inner spiral channel. The separation efficiency was calculated according to the number of wanted microalgae divided by the total number of microalgae from the two channels; the simple equation is [29] 
In which E i denotes the separation efficiency of the microalgae of interest, N i is the number of microalgae in the particular channel, and N ti is the total number of microalgae of interest from both channels. In Figure 9 , with the same width (100 µm) of the spiral channel, there is no significant difference for the Chlorella vulgaris separation for each channel height, and the percentage ranged from about 77 to 82%. In contrast, there was an obvious result of different heights for Cosmarium. The one of height 70 µm had the greatest separation efficiency of 72.5%, whereas channel heights 130 and 180 µm had an efficiency of about 62-63% for Cosmarium. These results are also linked to the earlier calculations, which shows that the larger the channel height is, the better the separation for Cosmarium. However, there is no significant effect for Chlorella vulgaris. In which denotes the separation efficiency of the microalgae of interest, is the number of microalgae in the particular channel, and is the total number of microalgae of interest from both channels. In Figure 9 , with the same width (100 µm) of the spiral channel, there is no significant difference for the Chlorella vulgaris separation for each channel height, and the percentage ranged from about 77% to 82%. In contrast, there was an obvious result of different heights for Cosmarium. The one of height 70 µm had the greatest separation efficiency of 72.5%, whereas channel heights 130 and 180 µm had an efficiency of about 62-63% for Cosmarium. These results are also linked to the earlier calculations, which shows that the larger the channel height is, the better the separation for Cosmarium. However, there is no significant effect for Chlorella vulgaris. 
Design with a Spiral Channel Width of 200 µm
The concepts of the separation efficiency and the design of the spiral channel of width 200 µm are the same as for width 100 µm. Figure 10 shows the average separation efficiency for each of the heights, 70, 130, and 180 µm. The overall result for this 200 µm group can be discussed as, within the same channel width (200 µm), there is no significant difference of separation efficiency for Cosmarium. Cosmarium is represented as purple bars, having a value of 60-63% for all heights, however the number was more noticeable for Chlorella vulgaris. The yellow bars stand for the Chlorella vulgaris, having a separation efficiency of about 75% to 80%. Also, the bigger channel heights have a greater separation efficiency compared to the 70 µm channel height. This outcome was also related to the equation as predicted earlier. The heights for the 200 µm microchannel width do not affect Cosmarium much, in contrast to Chlorella vulgaris. 
The concepts of the separation efficiency and the design of the spiral channel of width 200 µm are the same as for width 100 µm. Figure 10 shows the average separation efficiency for each of the heights, 70, 130, and 180 µm. The overall result for this 200 µm group can be discussed as, within the same channel width (200 µm), there is no significant difference of separation efficiency for Cosmarium. Cosmarium is represented as purple bars, having a value of 60-63% for all heights, however the number was more noticeable for Chlorella vulgaris. The yellow bars stand for the Chlorella vulgaris, having a separation efficiency of about 75 to 80%. Also, the bigger channel heights have a greater separation efficiency compared to the 70 µm channel height. This outcome was also related to the equation as predicted earlier. The heights for the 200 µm microchannel width do not affect Cosmarium much, in contrast to Chlorella vulgaris. 
Conclusions
The aim of this work was to undertake the self-size-based separation of particles in a mixture of sizes using a Dean flow. A spiral microchannel in the first section made the particles separate according to their sizes, followed by microdroplet generation to encapsulate the microalgae.
A spiral microchannel design can solve the problem of clogging to distribute the microalgae evenly for the microdroplet generation section. If the particles are more uniform, the encapsulation efficiency increases. The spiral microchannel with all related forces in the channel would help to sort the particles through their variation of size. The larger particles would experience a greater lift force, making them stay near the inner wall of the microchannel, whereas the smaller particles would experience more of the Dean drag force, resulting in them staying nearer the outer wall. By means of this principle, particles of varied size can be separated with no external setup or pretreatment of samples. 
